The NF-B pathways have been implicated in tumorigenesis in several lymphoid malignancies, including non-Hodgkin's and Hodgkin's lymphomas. However, the antiapoptotic functions and the mechanism responsible for signaling through each NF-B pathway remain to be elucidated. In the current study, lymphoma cell lines with constitutively active NF-B were found to be resistant to inducers of the extrinsic and intrinsic apoptosis pathways. Resistance to cell death resulted from blocks early and late in the apoptosis cascade. Several NF-B target genes were overexpressed in these cell lines, including Bcl-xL, Fas-associated death domainlike IL-1␤-converting enzyme inhibitor protein, cellular inhibitor of apoptosis, and X inhibitor of apoptosis. Inhibition of the canonical or noncanonical NF-B pathways with small interfering RNAs or adenovirus expressing a stable form of inhibitor of NF-B (IB) enhanced sensitivity to apoptosis inducers and resulted in lower levels of Bcl-xL or Fas-associated death domain-like IL-1␤-converting enzyme inhibitor protein, cellular inhibitor of apoptosis, and X inhibitor of apoptosis. These findings demonstrate an important role of both NF-B pathways in mediating resistance to apoptosis and distinctive antiapoptotic downstream target gene profiles responsible for this effect.
N
uclear factor B (NF-B) was originally identified as a transcription factor that regulated expression of the Ig gene in B lymphocytes, but has subsequently been shown to be activated by different mitogenic stimuli, stress signals, or inflammatory cytokines in a broad range of cell types (1, 2) . The NF-B pathways include the ''canonical'' (classical) and ''noncanonical'' (alternative) pathways using NF-B precursor proteins, p105 (NF-B-1) and p100 (NF-B-2), respectively (3, 4) . These proteins are processed to the mature p50 NF-B-1 and p52 NF-B-2 proteins that heterodimerize with other members of the NF-B family, p65 Rel-A or c-Rel, or Rel-B, respectively. Activation of the canonical pathway involves release of p50-p65 from IB, as a result of phosphorylation by IB kinase (IKK) and degradation of IB by the proteasome. Activation of the noncanonical pathway involves cleavage of p100 and dimerization of the mature p52 product with Rel-B. In both cases, the mature dimeric NF-B proteins translocate to the nucleus and activate genes involved in antiapoptotic function and genes involved in the modulation of immune and inflammatory response, cell proliferation, adhesion, and angiogenesis.
The antiapoptotic functions of the NF-B family result from a direct interaction with tumor suppressor proteins, such as p53, or an imbalance in expression of proapoptotic and antiapoptotic proteins. The antiapoptotic function of NF-B involves the intrinsic (mitochondrial) pathway or the extrinsic (receptor) pathway (5) . Overexpression of members of the Bcl-2 family, such as A1 or Bfl1 and Bcl-xL, inhibit the activation of caspase 9 or proapoptotic Bcl-2 family members produced by inducers of the intrinsic pathway. Inducers of the intrinsic pathway include agents that cause DNA damage or oxidative stress. On the other hand, overexpression of the cellular inhibitors of apoptosis (CIA Ps) and Fas-associated death domain-like IL-1␤-converting enzyme inhibitor protein (FLIP) modulate the activation of caspase 8 produced by induction of TNF receptor family members. Finally, NF-B regulates the activation of common ''executioner'' caspases, including caspases 3 and 7, which result from activation of both apoptotic pathways, by overexpression of the X chromosome-linked inhibitor of apoptosis (XIAP).
NF-B is constitutively active in a variety of lymphomas, including Hodgkin's and non-Hodgkin's lymphomas, such as mantle cell, mediastinal diffuse large cell, and virally mediated lymphomas, including adult T cell leukemia lymphoma (ATLL), Burkitt lymphoma, and primary effusion lymphomas (6) (7) (8) (9) . Activation occurs by direct effects on NF-B genes as a result of mutations, deletions, or rearrangements of NF-B regulatory genes or indirect effects of viral oncogenes (1) . One such viral oncogene, Epstein-Barr virus (EBV) latent membrane protein 1, activates NF-B, acting as a homologue of constitutively active CD40 (10) (11) (12) . Similarly, several human herpesvirus 8 proteins activate NF-B in primary effusion lymphomas (13, 14) . In ATLL, the Tax protein of human T cell leukemia virus (HTLV) activates NF-B through interactions with the IKK-␥ subunit or protein kinases that phosphorylate and activate the IKK-␣ or IKK-␤ subunits, by direct binding to IB proteins resulting in their degradation, or by accelerating the cleavage of the NF-B-1 or NF-B-2 precursor proteins (15, 16) .
A variety of different NF-B pathway inhibitors have been developed and are undergoing clinical studies in lymphomas and other malignancies. These include agents that block IKK activity, IB degradation, NF-B nuclear targeting, or NF-B target gene activity (6, 17, 18) . The current work provides further understanding of the relative contribution of each NF-B pathway and its downstream target genes on the activation of each apoptotic pathway, which is important for the design and assessment of novel targeted anticancer agents.
line (204-3-1), primary human natural killer cells (NK-H), and a human natural killer cell line (NK-92). For this purpose, different inducers of apoptosis were used, including ␥-irradiation and etoposide to activate the intrinsic pathway and TNF-␣ or TNF-related apoptosis-inducing ligand (TRAIL) to activate the extrinsic pathway. Apoptosis was measured by FACS with annexin V and propidium iodine (PI) staining. As seen in Fig. 1A , the level of apoptosis induced through the intrinsic pathway was 3-to 4-fold higher in control cells compared with those with an NF-B-ca pathway (P Ͻ 0.001). Similar results were obtained when we evaluated the extrinsic apoptotic pathway ( Fig. 1B ; P Ͻ 0.001). Overall, cells with NF-B-ca demonstrated resistance to the induction of apoptosis via the intrinsic or extrinsic apoptotic pathways.
To determine the step(s) perturbed in the apoptotic cascade in NF-B-ca cell lines, we evaluated levels of different components of the intrinsic and extrinsic pathway. As seen in Fig. 1C , treatment with etoposide or ␥-irradiation resulted in a significant decrease in procaspase 9 levels in control cell lines (NK-H and NK-92) and to a lesser extent in 204-3-1 cells, increased cleaved caspase 9 levels in 204-3-1 cells (Fig. 5A , which is published as supporting information on the PNAS web site), and an increase in cleaved caspase 3 levels in the control cell lines. In contrast, cells with NF-B-ca demonstrated no apparent change in procaspase 9 or caspase 3 levels. For studies of the extrinsic apoptotic pathway, control cell lines demonstrated reduction in the levels of procaspase 8 and elevation of cleaved caspase 3 levels. This effect was reduced in cells with NF-B-ca, although some cleaved caspase 3 was evident ( Fig. 1 C and D) . These findings demonstrate that cells with NF-B-ca are more resistant to apoptosis through activation of the intrinsic or extrinsic pathways, by inhibiting multiple levels of these cascades. overexpress Bcl-xL, XIAP, CIAP1, CIAP2, FLIP, and survivin ( Figs. 2 and 5B). Variable, but higher, levels of FLIP were seen in Tax transgenic cell lines than in NK-M, NK-92, and NK-H cells. Bcl-xL expression was also much lower in 204-3, NK-92, and NK-H cells compared with that of the Tax transgenic cell lines. The HTLV-1 immortalized lymphoid cell line, MT2, exhibited higher levels of FLIP, and to a lesser extent CIAP and XIAP, as compared with NK-92 and NK-H cells, but very low levels of Bcl-xL, Bak, and Bax. Daudi cells also overexpress FLIP and survivin, and to a lesser extent CIAP, compared with NK92 cells (Figs. 2 and 5B).
Comparison of the Canonical and Noncanonical NF-B Pathways in
Conferring Resistance to Apoptosis. The association between alterations of NF-B signaling and lymphomas has been suggested by the presence of mutations, deletions, or translocations in tumors of members of the NF-B gene family, as well as by the presence of characteristic gene expression profiles (1, 24, 25) . However, the relative contributions of the canonical and noncanonical NF-B pathways in mediating resistance to apoptosis remain to be defined. To evaluate the role of both NF-B pathways in the resistance to apoptosis, we generated stable Daudi and Tax tumor-derived cell lines expressing lentiviral vectors encoding short interfering RNA (siRNA) hairpins targeting p105, NF-B1 (canonical pathway) and͞or p100, NF-B2 (noncanonical pathway), or luciferase, as a negative control. Western blot analysis of stable p100 and p105 siRNA-expressing cell lines demonstrated specific down-regulation of endogenous p100 and p105 expression, respectively (Figs. 3A and 5C). However, depression of p105 in p100 siRNA-expressing cells was also evident. The activity of the siRNAs was also confirmed by immunoflouroescence studies examining nuclear translocation of Rel-A and Rel-B (Fig. 6 , which is published as supporting information on the PNAS web site) and EMSAs (Fig. 7 , which is published as supporting information on the PNAS web site). There was no decrease in p105 or p100 expression in luciferase siRNA-expressing cells. The specificity of the targeted siRNA was also confirmed by a lack of down-regulation of actin expression. Inhibition of the canonical pathway with a siRNA against p105 resulted in depressed levels of Bcl-xL. Inhibition of the noncanonical pathway with a siRNA against p100 resulted in depressed levels of CIAP, XIAP, survivin, and Bcl-xL (Figs. 3A  and 5D ). These results demonstrate little or no interplay between the downstream targets of the canonical and noncanonical pathways and affirm the specificity of the siRNA expression methods used.
Tumor cell lines expressing siRNA against p100 or p105 exhibited 2-to 3-fold increases in the extent of apoptosis after treatment with etoposide or TNF-␣, as compared with cell lines expressing the luciferase siRNA ( Fig. 3 B and C) . Similar levels of apoptosis were seen in cells expressing both p100 and p105 siRNA vectors, as compared with those cells expressing either siRNA alone. In the absence of TNF-␣ or etoposide treatment, the siRNAs did not increase the level of apoptosis (data not shown). In contrast, expression of siRNAs against p100 or p105 did not affect the rate of apoptosis after treatment with etoposide of control NK-92 cells, as compared with NK-92 cells expressing siRNA against luciferase (data not shown).
Enhancement of Apoptosis by Expression of Dominant-Negative IB␣.
To confirm the results obtained from the p105 siRNA studies, we took a different approach for inhibition of the canonical NF-B pathway, using a human adenovirus 5 expressing dominantnegative IB (Adv-IB-dn). For a negative control, tumor cell lines were infected with an adenovirus expressing ␤-gal (Adv-␤-gal). The effect of Adv-IB-dn on NF-B activation was determined by luciferase assay using an NF-B-Luc reporter plasmid and EMSA. After 24 h of infection, 60% inhibition of NF-B activity was seen in Adv-IB-dn-infected cells compared with Adv-␤-gal-infected cells (Fig. 7) , as well as down-regulation of Bcl-xL (Fig. 5 E and F) .
Effects of Adv-IB-dn on apoptosis were evaluated 8 h after infection with Adv-IB-dn; SC and F8 cell lines were treated for 24 h with different activators of apoptosis. As seen in Fig. 4 , infection with Adv-IB-dn or Adv-␤-gal did not have an apoptotic effect, but the addition of apoptosis activators increased the rate of apoptosis in Adv-IB-dn-infected cells 1.5-to 2-fold compared with that of Adv-␤-gal-infected cells. These results reinforce the previous findings that the canonical pathway plays a role in mediating resistance to apoptosis.
Discussion
The constitutive activation of the NF-B pathway has been implicated in tumorigenesis in a broad spectrum of aggressive lymphoid malignancies (9) . Although advances have been made in understanding the molecular mechanisms through which the canonical and noncanonical NF-B pathways facilitate the development of lymphomas, there remain significant gaps in our knowledge that must be overcome for the design and evaluation of novel targeted therapies. The present study makes several key observations regarding the link of NF-B activation and lymphomagenesis. First, we demonstrated that an NF-B-ca pathway rendered lymphoma cell lines resistant to the induction of apoptosis. Second, we found that overexpression of NF-B downstream targets such as Bcl-xL, FLIP, and members of the IAP family (XIAP and CIAP) resulted in resistance to apoptosis. Third, our results indicated that both the canonical and noncanonical NF-B pathways are important in resistance to apoptosis, which is mediated by different downstream targets. Inhibition of apoptosis through the canonical pathway was associated with Bcl-xL overexpression, whereas the noncanonical pathway was coupled with overexpression of a broader antiapoptotic profile including Bcl-xL, XIAP, CIAP, and FLIP. This result is consistent with the known differences in B site affinity by different NF-B proteins (26) . Overall, our results suggest that both NF-B pathways are indispensable in the mediation of tumorigenesis by reducing apoptosis through overexpression of different profiles of antiapoptotic proteins.
Many tumor cell lines and tumor tissues possess a constitutively active NF-B pathway as a result of translocations, deletions, and mutations that uncouple members of the NF-B family from their regulators (27) (28) (29) (30) . Characteristic gene signatures for lymphomas confirm the association of NF-B with poor prognosis subtypes of diffuse large B cell lymphoma (activated B cell-like and mediastinal, DLBCL) (24, 25) . Potential mechanisms to explain the association of NF-B with poor-prognosis DLBCL include the promotion of cell proliferation, the prevention of apoptosis, and an increase in the angiogenic potential (31) . However, previous studies have not explored in detail which specific NF-B pathway is responsible for mediating these effects. Aberrant NF-B activation also occurs in other hematopoietic malignancies, including Hodgkin's disease, Helicobacter pylori-associated mucosal-associated lymphoma tumors, mantle cell lymphomas, plasma cell malignancies, and acute myelogenous leukemia (32, 33) .
Taking advantage of two distinct lymphoma models, we provide evidence that both NF-B pathways regulate activation of apoptosis through different downstream targets. The first model was derived from the Tax transgenic mouse lymphoma model that we have previously described (19, 23, 34, 35) . The second model was derived from an EBV (ϩ) Burkitt's lymphoma tumor. Both models contain an NF-B-ca pathway (19, 20) . Our results demonstrate that lymphoma cell lines with NF-B-ca exhibited very limited induction of apoptosis through either the intrinsic or extrinsic pathways, in comparison to cells lacking NF-B activity. These results confirm and extend previous results (36) (37) (38) (39) (40) . We also showed that the inhibition occurred early in the activation of both apoptotic cascades, because there was no apparent reduction in caspase 8 or 9 levels. Studies of NF-B inhibitors helped explain these findings, demonstrating overexpression of Bcl-xL and XIAP to impede the intrinsic apoptosis pathway and CIAP and cFLIP to constrain the extrinsic apoptosis pathway. These critical regulatory proteins inhibit the effect of different activators of apoptosis, such as doxorubicin, etoposide, TNF-␣, and TRAIL, among others. These findings reinforce the role of NF-B as an antiapoptotic signal in lymphoid tissues (6) .
Despite the limited levels of apoptosis, some cleaved caspase 3 is evident in Tax transgenic cell lines, suggesting an additional block to apoptosis at later steps in the pathway. This effect may be mediated by XIAP, CIAP, or survivin, which bind and inhibit caspase 3 and are overexpressed in the lymphoma cell lines with NF-B-ca (41) . Similarities and differences were noted in comparing the expression profiles of Tax transgenic cell lines with those of MT2 and Daudi cells. These differences may be caused by modulating effects of other HTLV-1 or EBV proteins expressed in MT2 or Daudi cells, respectively, and differences in the mechanism of NF-B activation by Tax compared with EBV latent membrane protein 1.
The antiapoptotic function of each NF-B pathway was tested by reducing the level of expression of p100 and p105 subunits with specific siRNAs. This methodology was successful in decreasing the formation of the processed subunits p52 and p50. The siRNA to p100 also had some effect on p105, consistent with cross-talk between these two pathways demonstrated in p100-deficient murine fibroblasts (42) . This finding may be caused by the formation of p50-RelB heterodimers when p100 is depleted or later phases of NF-B activity resulting from altered gene expression of NF-B or IB proteins. The value of this siRNA approach was further demonstrated by EMSA and immunofluorescent studies. Cells expressing these siRNAs had restored sensitivity to TNF or etoposide. The noncanonical pathway appeared to be more significant than the canonical pathway in mediating the effect of TNF-␣ in Tax tumor-derived cells. These results were supported by the strong down-regulation of FLIP and CIAP seen after the inhibition of the noncanonical pathway in these lymphoma models. Combined repression of p100 and p105 resulted in similar levels of apoptosis as when using either siRNA alone. This result is consistent with our findings that there is overlap in gene targets regulated by the canonical and noncanonical pathways.
Contrary to our results, Wang et al. (43) demonstrated in HT1080 and U2OS cells that p100 expression was essential for TNF-␣-induced apoptosis. This apparent discrepancy may be explained in part by differences in the cell types used to perform the experiments and by the predominant cytoplasmic localization of the p100 subunits used, which could represent a reduction of p52, and therefore, the expression of NF-B-related antiapoptotic proteins. However, both studies concluded that the antiapoptotic signal produced by the processed form of p100, p52, is stronger than the tumor suppressor effect produced by p100, suggesting that the apoptotic-inducing activity of the death domain of p100 seems to be negatively regulated by other regions or subunits of p100. Both studies hypothesize the existence of a balance between the tumor suppressor activity produced by the large subunits, p100 and p105, and the antiapoptotic functions produced by their processed subunits, p52 and p50. This hypothesis is supported by studies of mice with mutations in the nfkb1 or nfkb2 genes, resulting in inactive precursor proteins, but active cleaved products (44, 45) . This ''balance'' may result from either the regulation in the protein levels of each subunit produced by proteasome processing or posttranslational modifications that could alter the tumor suppressor effect of the large subunits. Finally, after demonstrating that both NF-B pathways are relevant in the resistance to apoptosis, we extended our studies to search for explanations of these results. We discovered that each pathway mediates its antiapoptotic effect through the regulation of different downstream targets. The canonical pathway was predominantly involved in the regulatory process of the intrinsic pathway through Bcl-xL, and the noncanonical pathway targeted both apoptotic pathways through Bcl-xL, FLIP, XIAP, and CIAP. Our results suggest that the noncanonical pathway has a broader antiapoptotic effect, making it a more powerful target. Expression of siRNAs to XIAP sensitizes Tax transgenic cells to apoptotic stimuli to an even greater degree than expression of siRNAs to Bcl-xL (L.B.-M. and L.R., unpublished work).
Our studies suggest that NF-B is essential for the resistance to apoptosis seen in lymphoma models. More importantly, we have identified an antiapoptotic role for the noncanonical pathway and showed that the NF-B pathways have both redundant and independent antiapoptotic downstream targets. Overall, these results suggest that each NF-B pathway has a specific function, as demonstrated by the broader spectrum of antiapoptotic proteins regulated by the noncanonical pathway compared with the canonical pathway and the lack of synergism that occurs when both pathways are targeted. Therefore, our study serves as a cornerstone for the development of future in vivo animal and human experiments in lymphomas focused on the identification of the characteristic gene signature pattern of each NF-B pathway that will translate into biological subclassification of hematological malignancies and the use of specific inhibitors of IKK or downstream NF-B targets.
Methodology
Cell Lines. The tumor-derived F8 and SC large granular lymphocytic cell lines, maintained in Iscove's medium, have been described (35) were maintained in RPMI medium 1640 (20) (21) (22) . Media were supplemented with 10% FBS, 1% L-glutamine, 1 mM sodium pyruvate, and 50 g͞ml penicillin-streptomycin. Culture media for F8, SC, BLA, and NK-92 cell lines were supplemented with 250-500 units per ml of human IL-2.
Western Blot Analysis. Cell lysates were prepared by using a mammalian cell lysis buffer [50 mM Tris⅐Cl, pH 8͞5 mM EDTA͞100 mM NaCl͞0.5% Triton X-100 plus protease and phosphatase inhibitors (p8340 and p2850; Sigma-Aldrich)]. Twenty micrograms of lysate was separated by 10% SDS͞ PAGE and transferred to poly(vinylidene dif luoride) membranes, blocked with 0.01% Tween 20 and 5% dry milk in PBS, and probed overnight with primary antibody. After washing with PBS, horseradish peroxidase-labeled secondary antibody was added (1:2,000 dilution, goat anti-rabbit IgG; Pierce). Proteins were visualized in an Alpha Innotech (San Leandro, CA) imager by using the supersignal west femto sensitivity substrate (Pierce).
Immunoblotting was performed by using antibodies directed against the following antigens: cleaved caspase 3 (9761), murine caspase 9 (9504), Bcl-2 (2876), Bcl-xL (2762), Bax (2772), XIAP (2042), and p100͞p52 (4882) used in a 1:1000 dilution from Cell Signaling Technology (Beverly, MA), Bcl-2 (610538) from BD Biosciences, and FLIP (sc-8347, 1:500), CIAP 1͞2 (sc-12410, 1:500), actin (sc-8432), p105͞p50 (sc-7178, 1:1000), and hemagglutinin (sc-805) from Santa Cruz Biotechnology, and human caspase 9 (AAM-139) from Stressgen Biotechnologies (Victoria, Canada).
Plasmids. siRNA hairpins against p100 and p105 and a control siRNA were expressed under the control of the U6 human promoter and were generated by using PLKopuro.1 and PLKoneo.1 (provided by S. Stewart, Washington University). Complementary siRNA oligos were annealed and cloned into vectors digested with AgeI and EcoRI and confirmed by sequence analysis (46) . The sense siRNA oligonucleotide probes were as follows: murine and human p105, CCTTCCGCAAACT-CAGCTTTA; murine p100, CCTGCATGTAACCAAGAA-GAA; and human p100, GCTGCTAAATGCTGCTCAGAA. A plasmid expressing siRNA against luciferase was provided by S. Stewart (46) . Recombinant lentiviruses were generated in 293T cells, for infection of SC, F8, and Daudi cell lines, selected in 2 g͞ml puromycin and 0.8 mg͞ml G418.
Adenoviruses. Adv-IB-dn and Adv-␤-gal were provided by A. Baldwin (University of North Carolina, Durham) and B. Vogelstein (The John Hopkins University, Baltimore), respectively (47), purified by using cesium chloride equilibrium centrifugation, and titered by using an Adeno-X Rapid Titer Kit (Clontech). Infection of 10 6 cells was performed for 2 h in serum-free medium, and then cultured in complete medium for 24 h. Optimal multiplicities of infection for each cell line were determined from the effects on an NF-B luciferase reporter assay.
NF-B Luciferase Assay. For each assay, 10 6 cells were transfected by using Transit LTR1 reagent (Mirus, Madison, WI), with NF-B luciferase reporter plasmid pGL2-NF-B-Luc (provided by D. Piwnica-Worms, Washington University) (48) , and infected 24 h later with Adv-IB-dn or Adv-␤-gal at the corresponding multiplicity of infection obtained from titration studies (data not shown). Results were analyzed from three independent experiments. Data are presented as means Ϯ standard error, and comparisons were made by using the one-way ANOVA test. 
